A muscle-specific nonkinase anchoring protein (␣kap), encoded within the calcium/calmodulin kinase II (camk2) ␣ gene, was recently found to control the stability of acetylcholine receptor (AChR) clusters on the surface of cultured myotubes. However, it remains unknown whether this protein has any effect on receptor stability and the maintenance of the structural integrity of neuromuscular synapses in vivo. By knocking down the endogenous expression of ␣kap in mouse sternomastoid muscles with shRNA, we found that the postsynaptic receptor density was dramatically reduced, the turnover rate of receptors at synaptic sites was significantly increased, and the insertion rates of both newly synthesized and recycled receptors into the postsynaptic membrane were depressed. Moreover, we found that ␣kap shRNA knockdown impaired synaptic structure as postsynaptic AChR clusters and their associated postsynaptic scaffold proteins within the neuromuscular junction were completely eliminated. These results provide new mechanistic insight into the role of ␣kap in regulating the stability of the postsynaptic apparatus of neuromuscular synapses.
Introduction
The clustering and maintenance of a high density of nicotinic acetylcholine receptors (AChRs) at the postsynaptic membrane is a hallmark of the peripheral neuromuscular synapse, the synapse between spinal motor neurons and skeletal muscle fibers (Sanes and Lichtman, 2001; Wu et al., 2010) . Several subsynaptic molecular components have been shown to be critical for the stability of the postsynaptic receptor density. For instance, the density of AChRs is significantly reduced at the synapses of mice deficient in intracellular postsynaptic components of the dystrophin glycoprotein complex such as syntrophins (Adams et al., 2000) , or ␣-dystrobrevin (Grady et al., 1999) . Mutation of other postsynaptic proteins such as rapsyn, dok7, low-density lipoprotein receptor-related protein 4 (Lrp4), or muscle-specific receptor tyrosine kinase (MusK), cause failure of formation of synaptic clusters (Gautam et al., 1995; Glass et al., 1996; Weatherbee et al., 2006; Kim et al., 2008; . Recent work from our laboratory has shown that a muscle-specific nonkinase anchoring protein (␣kap) also controls the stability of AChR clusters on the surface of cultured C2C12 myotubes (Mouslim et al., 2012) . It remains unknown, however, whether ␣kap has any effect on the stability of the neuromuscular junction (NMJ) of living mice.
␣kap, a nonkinase protein encoded within the Camk2a gene, contains a putative transmembrane domain and an association domain but lacks the catalytic domain, and was initially identified as a molecule that targets multiple isoforms of calcium/ calmodulin-dependent protein kinase II (CaMKII) to specific subcellular locations, where they act (Bayer et al., 1996 (Bayer et al., , 1998 (Bayer et al., , 2002 . Previous studies reported that in mature muscle cells ␣kap targets CaMKII isoforms to the sarcoplasmic reticulum, where they regulate calcium homeostasis (a process that is critical for excitation/contraction coupling), and to the nucleus, where they can regulate the nuclear transcription factor SRF (Volpe et al., 1992; Fluck et al., 2000; O'Leary et al., 2006) . More recently, it was shown that CaMKII isoforms are also concentrated at NMJs, where they colocalize with AChRs at synaptic sites (Campbell and MacLennan, 1982; Damiani et al., 1995; Bayer et al., 1998; Nori et al., 2003; Martinez-Pena y Valenzuela et al., 2010) , and the blockade of their enzymatic activities dramatically altered the trafficking of receptors and the steady state of the postsynaptic receptor density (Martinez-Pena y Valenzuela et al., 2010) . Here we sought to examine whether the loss of function of ␣kap in skeletal muscles would impact the trafficking and stability of postsynaptic density, and the structure of NMJs in living mice. Using a loss-of-function approach, we used short hairpin RNA (shRNA) to knock down the endogenous expression of ␣kap in muscle cells and to investigate the physiological effect of ␣kap on the molecular dynamics of AChRs and the maintenance of the structural integrity of the synapse. Electroporation of ␣kap shRNA was performed in mouse sternomastoid muscles. Analysis of synapses showed that the loss of function of ␣kap significantly altered the stability of AChRs and induced the disassembly of the postsynaptic apparatus of the NMJ.
Materials and Methods
Plasmid constructs. GFP-␣kap was generated in our laboratory using the pEGFP-C3 vector, in which alanine was mutated to lysine at position 207 (A207K) to prevent the dimerization of GFP (monomeric-GFP-C3), as described in our previous work (Mouslim et al., 2012) . Rapsyn-GFP (a gift from Johnathan Cohen, Harvard Medical School, Boston, MA), ␣-syntrophin, and ␣-dystrobrevin GFP constructs were generated in our laboratory, as previously described (Martinez-Pena y Valenzuela et al., 2010) .
The murine shRNA ␣kap construct and its scrambled version were generated as described in our previous work (Mouslim et al., 2012) . The target sequences were as follows: 5Ј-GTTCAGTTAATGGAATCTTC for shRNA ␣kap; and 5Ј-GGTTATCTATTAGCGATTCTA for scrambled shRNA. For our initial control experiments, to verify that the sequences selected could successfully decrease ␣kap levels in vivo, the sternomastoid muscle was electroporated with either a mixture of GFP-␣kap and shRNA ␣kap or with a mixture of GFP-␣kap and scrambled shRNA. When muscle fibers were viewed 7 d later, there were many green fluorescent muscle fibers in mice electroporated with GFP-␣kap and scrambled shRNA, but very few fluorescent fibers in muscles electroporated with GFP-␣kap and shRNAs (data not shown), indicating that shRNA ␣kap was effective in knocking down the expression of exogenous ␣kap-GFP. The specificity of shRNA ␣kap was also tested in our previous work, in which we showed that it had no effect on the expression level of three CaMKII isoforms (␤m, ␥, and ␦) that are expressed in muscle cells and have several domains similar to the domains of ␣kap (Mouslim et al., 2012) .
For all other experiments, the identical sequences were cloned into pSuper.GFP/neo, which drives GFP expression and shRNA production from different promoters. All shRNA constructs were verified by DNA sequencing.
Electroporation of constructs into the sternomastoid muscle and confocal microscopy. Adult female mice (weight, 30 g) were anesthetized by injecting intraperitoneally a mixture of 80 mg/kg ketamine and 20 mg/kg xylazine, and the sternomastoid muscle was surgically exposed. The solution containing the plasmid (10 g) expressing shRNA ␣kap-GFP, a scrambled version of the shRNA sequence, ␣kap-GFP, rapsyn-GFP, ␣-syn-GFP, ␣-dbn-GFP, or GFP-CaMKII␤M was placed over the sternomastoid muscle, as described in our previous work (Bruneau and Akaaboune, 2010; Martinez-Pena y Valenzuela et al., 2010) . Gold electrodes were set parallel to the muscle fibers on either side of the muscle, and then eight monopolar square-wave pulses were applied perpendicularly to the long axis of the muscle. The animal was sutured and allowed to recover in a warm chamber (Bruneau and Akaaboune, 2010) . All animal usage methods were approved by the University of Michigan Committee on the Use and Care of Animals.
Receptor labeling and imaging of neuromuscular junctions of living mice. To assess the effect of the knockdown of ␣kap on the stability of the postsynaptic AChR density, the sternomastoid muscle of mice electroporated with either GFP-shRNA ␣kap or scrambled shRNA (4 and 7 d after electroporation) was bathed with a saturating dose of bungarotoxin (BTX)-Alexa Fluor 594 (5 g/ml for 1 h), and the whole animal was placed on its back on the stage of a customized epifluorescence microscope, as described previously (Akaaboune et al., 1999; Martinez-Pena y Valenzuela et al., 2010; . Superficial neuromuscular junctions were imaged with a water-immersion objective [20ϫ UApo 0.8 numerical aperture (NA) Olympus BW51; Optical Analysis Corp.], and the fluorescence intensity was assayed using a quantitative fluorescence imaging technique, as described previously (Turney et al., 1996) .
To determine the effect of shRNA ␣kap on the insertion of newly synthesized AChRs, the electroporated muscles with shRNA-␣kap-GFP and scrambled shRNA-GFP were exposed after 4 d of electroporation, bathed with a saturating dose of BTX-Alexa Fluor 594 (to saturate all AChRs at superficial NMJs), and NMJs on electroporated (expressing GFP) and nonelectroporated neighboring muscle fibers were immediately imaged. Six days later, synapses were relocated and imaged again (to estimate the number of lost receptors after the initial labeling) and then bathed with the same fluorescent BTX-Alexa Fluor 594 to saturate all newly synthesized AChRs that have been inserted after the initial labeling (time 0), and the same synapses were reimaged for a third time. The fluorescence intensity of labeled AChRs at the three different views was then assayed.
To determine the effect of the shRNA ␣kap on the turnover rate of AChRs, the sternomastoid muscle of mice expressing GFP-shRNA ␣kap or scrambled GFP-shRNA ␣kap (7 d after electroporation) was labeled with a nonsaturating dose of BTX-Alexa Fluor 594 (1 g/ml) and superficial NMJs were imaged and then reimaged 3 d later. The fluorescence intensity of labeled receptors at NMJs on muscles expressing shRNA scrambled and nonelectroporated muscles was assayed.
To determine the effect of shRNA ␣kap on the recycling of AChRs, receptors on the sternomastoid muscle electroporated with shRNA ␣kap or scrambled shRNA were labeled as described previously (Bruneau and Akaaboune, 2006) . Briefly, receptors were labeled with biotinylated BTX (BTX-biotin; 5 g/ml, for 30 min; Invitrogen) followed by a single saturating dose of streptavidin-Alexa Fluor 594 (10 g/ml, 3 h). A second color of streptavidin was then added to the sternomastoid muscle to be sure that all biotin sites were saturated (streptavidin Alexa Fluor 647, 10 g/ml, for ϳ30 min), and the NMJs were imaged. Three days later (after initial labeling), the mouse was anesthetized and imaged for a second time, then the sternomastoid muscle was bathed with streptavidin-Alexa Fluor 594 (10 g/ml, for 1 h) to label receptors that had lost their streptavidin tag upon their internalization and were reinserted into synaptic membrane with their BTX-biotin tag (recycled AChR pool). The same synapses were reimaged, and their fluorescence intensities were measured. Experiments showing that the dissociation of streptavidin from biotin does not occur on the surface of the muscle cells but instead inside the muscle fiber were reported in our previously published work (Bruneau et al., 2005; Bruneau and Akaaboune, 2006) .
Quantitative fluorescence imaging. Images of NMJs were collected using IPLAB software and calibrated to a nonfading reference standard to compensate for spatial and temporal changes in the light source and camera between imaging sessions at different time points, as described previously (Turney et al., 1996; Akaaboune et al., 1999; Martinez-Pena y Valenzuela et al., 2011) . The analysis of the fluorescence intensity of labeled AChR at the neuromuscular junction of electroporated and nonelectroporated muscles was performed using a procedure written for Matlab (MathWorks). Background fluorescence was determined by manually selecting a boundary region around each NMJ and subtracting it from the original image, and the mean of the total fluorescence intensity (which corresponds to receptor density) was measured.
Immunofluorescence and confocal microscopy. To assess the effect of shRNA ␣kap on the disassembly of the postsynaptic apparatus of NMJs, sternomastoid muscles electroporated with GFP-shRNA-␣kap or scrambled shRNA (7 d after electroporation) were bathed with ␣-BTX-Alexa Fluor 594 (5 g/ml, for 1 h) and fluorescein-labeled Vicia villosa lectin (VVA B4), and then perfused with 2% paraformaldehyde (PFA). The sternomastoid muscles were removed, and NMJs were imaged with a confocal scanning laser microscope (model SPE, Leica) using an HCX Plan Apochromat 100ϫ objective (NA 1.46) and a resolution of 1024 ϫ 1024 pixels. The disassembly of the postsynaptic apparatus due to overexpression of GFP-shRNA ␣kap was assayed by the formation of holes or perforations of a synaptic AChR cluster region lacking ␣-BTX-Alexa Fluor 594 staining but still containing VVA B4 lectin as a marker of original sites. The percentage of perforated synapses containing one or more perforations was then quantified in muscles treated with shRNA ␣kap, scrambled shRNA, and nonelectroporated muscles.
To assess whether postsynaptic proteins that are associated with AChRs are also affected by shRNA ␣kap, the sternomastoid muscle was electroporated with shRNA-␣kap and ␣-dystrobrevin-GFP, ␣-syntrophin-GFP, rapsyn-GFP, or GFP-CaMKII␤M. Seven days later, the sternomastoid muscle was exposed, bathed with BTX-Alex Fluor 594, and then fixed with 2% PFA. The sternomastoid muscle was removed, mounted, and scanned with a confocal microscope (SP5, Leica). The z-stacks were then collapsed, and the contrast was adjusted with Photoshop.
To assess whether shRNA ␣kap has any effect on the disassembly of the presynaptic nerve terminal, the sternomastoid muscle electroporated with shRNA ␣kap (7 and 22 d after electroporation) was fixed with PFA, and teased fiber bundles were permeabilized with a solution containing 0.2% Triton X-100 and 2% BSA in PBS for 30 min, bathed in a blocking solution (10% BSA) for 30 min, and then incubated overnight with primary monoclonal anti-SV2 and anti-neurofilament diluted at 1:500 (Developmental Studies Hybridoma Bank). Muscle cells were then bathed with Alexa Fluor 647-conjugated anti-mouse secondary antibody (Jackson ImmunoResearch) for 1 h, mounted on a coverslip, and imaged with a Leica SP5 confocal microscope.
Pull down and Western blotting. To determine whether ␣kap forms a complex with AChRs, the sternomastoid muscle was removed, homogenized on ice in a buffer containing 50 mM HEPES, pH 7.4, 2 mM EDTA, 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate, and protease inhibitors. Total AChRs were pulled down by incubating cell lysates with BTX-biotin for 1 h followed by overnight incubation with NeutrAvidin beads (Thermo Fisher Scientific). The beads were collected by centrifugation and washed in PBS four times. The bound proteins were released by boiling in reducing 4ϫ lithium dodecyl sulfate buffer (Invitrogen), and then separated by 12% SDS-PAGE and transferred onto a polyvinylidene fluoride membrane, as described previously (Mouslim et al., 2012) . Membranes were then incubated with mouse anti-␣kap (1:2000; clone A1, Santa Cruz Biotechnology) diluted in blocking buffer (2% fat-free milk in PBS) or rat anti-AChR␣ MAB210 (1:5000; Covance) overnight at 4°C. After extensive washing, the membranes were then incubated with secondary HRP-conjugated antibodies (1:10,000; Jackson ImmunoResearch) and developed using SuperSignal West Femto Maximum Sensitivity Substrate or West Pico (Thermo Fisher Scientific).
Results
The knockdown of ␣kap significantly reduced the density of postsynaptic acetylcholine receptors in living mice Our recent work showed that ␣kap is able to protect AChRs from degradation in both cultured muscle cells and heterologous HEK293T cells (Mouslim et al., 2012) . Here we asked whether ␣kap controls the stability of the postsynaptic receptors at the NMJ of living animals. As a first step, we examined whether ␣kap is expressed and forms complexes with AChRs in sternomastoid muscles of living mice. Lysates from sternomastoid muscles were incubated with BTX-biotin to label AChR, and then AChR-BTXbiotin complexes were isolated with NeutrAvidin-coated beads. The complex was subjected to Western blot analysis with antiAChR␣ and anti-␣kap antibodies. We found that ␣kap was pulled down with AChR␣ (Fig. 1A) , indicating that AChRs are present in the same complex as ␣kap. Next, we asked whether the knockdown of endogenous expression of ␣kap has any effect on the stability of AChRs at the NMJ of living mice. This was examined by electroporating the sternomastoid muscle fibers with a single plasmid (GFP-shRNA ␣kap) expressing GFP driven by the PGK promoter and shRNA directed against ␣kap driven by the H1 promoter. At 4 and 7 d after plasmid electroporation, AChRs were labeled with BTX-594 (Fig. 1B) , and the density of AChR in green fluorescent fibers (electroporated) and neighboring nonfluorescent fibers (nonelectroporated) were compared (Fig.  1C,D) . As a control for off-target effects of shRNA, a plasmid containing a scrambled version of the ␣kap shRNA sequence (scrambled GFP-shRNA ␣kap) was electroporated into the sternomastoid muscle of mice. At 4 d after electroporation, the total fluorescence of AChRs was decreased by 8% (mean Ϯ SD, 92 Ϯ 15%; n ϭ 32 NMJs, from 5 mice) in muscles expressing shRNA ␣kap compared with NMJs of nonelectroporated (100 Ϯ 10%; n ϭ 28 NMJs, from 4 mice) or scrambled shRNA electroporated muscle cells (99 Ϯ 9%; n ϭ 25 NMJs, for 4 mice). By 7 d after electroporation, the density of AChRs was significantly decreased at NMJs on muscle fibers expressing GFP-shRNA ␣kap (60 Ϯ 12%; n ϭ 40 NMJs, for 7 mice) compared with nonelectroporated muscle (100 Ϯ 16%; n ϭ 29 NMJs, from 5 mice) or muscle electroporated with scrambled shRNA ␣kap (101 Ϯ 15%; n ϭ 24 NMJs, from 4 mice; p Ͻ 0.0001 electroporated vs nonelectroporated and fibers electroporated with scrambled shRNA). These results indicate that the knockdown of ␣kap reduces the density of AChRs at postsynaptic sites.
␣kap knockdown accelerates the removal rate of receptors, and impairs the insertion of newly synthesized and recycled AChRs into the postsynaptic membrane The steady state of the postsynaptic receptor density is established by equilibrium between the rates of removal of receptors from the membrane, and the insertion of newly synthesized and recycled receptors into synaptic sites (Bruneau et al., 2005; Bruneau and Akaaboune, 2006) . Having found that shRNA ␣kap decreased the density of postsynaptic AChRs, we then asked which rates are altered by the knockdown of ␣kap. To examine this, we first tested whether the insertion of newly synthesized receptors at the synapse was impaired. The sternomastoid muscle was electroporated with GFP-shRNA ␣kap or its scrambled version. Four days after the electroporation, the sternomastoid muscle was exposed and bathed with a saturating dose of BTX-Alexa Fluor 594 to label AChRs, and superficial synapses were imaged ( Fig. 2A) . Six days later (10 d after electroporation), the same synapses were reimaged, and the loss of labeled AChRs was measured after the initial labeling. The synapses were bathed again with another saturating dose of BTX-Alexa Fluor 594 to label newly synthesized AChRs that had been inserted after the initial labeling (time 0, 4 d after electroporation; Fig. 2A ). The extent of new receptor insertion was estimated as fluorescence recovery after the second dose of fluorescent BTX and expressed as a percentage of the fluorescence at time 0. We found that the number of newly inserted AChRs at synapses was dramatically depressed in muscle electroporated with shRNA ␣kap [26 Ϯ 9% (n ϭ 31 NMJs, from 6 mice) of original fluorescence; Fig. 2 F, G] , while the insertion of AChRs in nonelectroporated fibers or in muscles electroporated with scrambled version of shRNA ␣kap was 49 Ϯ 7% (n ϭ 28 NMJs, from 5 mice) and 49 Ϯ 9% SD (n ϭ 22 NMJs, 4 mice), respectively, of original fluorescence (Fig. 2B-E) . These results indicate that ␣kap is involved in the insertion rate of newly synthesized AChRs.
Previous work (Bruneau et al., 2005) showed that recycled AChRs contribute nearly as many receptors as newly synthesized AChRs to the total AChR density at functioning synapses. We therefore assessed whether knocking down ␣kap also impairs the recycling of AChRs. To test this, sternomastoid muscles electroporated with GFP-shRNA ␣kap or its scrambled version were bathed with BTX-biotin followed by a saturating dose of streptavidin Alexa Fluor 594, and superficial synapses were imaged as previously described (Bruneau et al., 2005; Bruneau and Akaaboune, 2006) . Three days after initial labeling, the sternomastoid muscle was exposed, and the same synapses were imaged again and then bathed with streptavidin Alexa Fluor 594 to selectively label the recycled receptors (receptors that have been internalized, and have lost their streptavidin tag and been reinserted into postsynaptic membrane with their BTX-biotin tag; Bruneau et al., 2005; Martinez-Pena y Valenzuela et al., 2011; Schmidt et al., 2011) , and then reimaged. Quantification of fluorescently labeled AChRs showed that in muscles electroporated with GFPshRNA ␣kap, the total contribution of recycled receptors was 8 Ϯ 3% (n ϭ 23 NMJs, from 4 mice) significantly lower than in nonelectroporated (23 Ϯ 6%; n ϭ 21 NMJs, 3 mice) or scrambled shRNA synapses (23 Ϯ 5%; n ϭ 15 NMJs, from 3 mice) after 3 d (Fig. 3 B, C) . These results indicate that ␣kap also controls AChR recycling.
Finally, we tested whether the turnover rate of AChRs (receptors that are already inserted in the membrane) was also affected by the knockdown of ␣kap. Sternomastoid muscles were electroporated with shRNA ␣kap, and 7 d later AChRs were labeled with a subsaturating dose of BTX-Alexa Fluor 594 (Ͻ20% of AChRs were labeled, so synapses remain functional; Akaaboune et al., 1999) , and synapses were imaged and reimaged 3 d later to assess changes in fluorescence intensity. In muscles treated with shRNA ␣kap, ϳ50% of the fluorescently tagged AChRs were lost from synaptic sites, corresponding to a t 1/2 of ϳ3 d (3 Ϯ 1.4%; n ϭ 23 NMJs, from 4 mice); whereas, in nonelectroporated neighboring fibers, the loss of fluorescently labeled receptors was only 20%, corresponding to a t 1/2 of ϳ9 d (9.2 Ϯ 1.7%; n ϭ 18 NMJs, from 3 mice), and in muscles treated with scrambled shRNA 20% of AChRs were lost (t 1/2 , ϳ9 d; 9.1 Ϯ 1.1%; n ϭ 14 NMJs, from 3 mice; Fig. 4 B, C) . These results indicate that ␣kap also controls the removal rate of AChRs from synaptic sites.
Since rapsyn binds directly to AChRs, we sought to determine whether ␣kap also controls the turnover rate of rapsyn at the synapse. Adult mice were electroporated with either rapsyn-GFP alone, or rapsyn-GFP and shRNA ␣kap. Seven days after electroporation, sternomastoid muscles were exposed and synapses expressing rapsyn-GFP were imaged. Discrete portions of individual junctions were carefully traced with an argon laser to remove the fluorescence without altering fluorescence intensity at other regions of the NMJ and then reimaged. Twenty-four hours Figure 1 . shRNA ␣kap significantly reduced the density of postsynaptic AChRs at the NMJ of living mice. A, Sternomastoid muscles were lysed, and receptors were labeled with BTX-biotin. Labeled AChRs were pulled down with streptavidin beads. Pull-down proteins were then probed with anti-␣kap or anti-AChR␣ antibody. Duplicate experiments are shown. B, Experimental protocol. C, Example of NMJs from nonelectroporated or electroporated muscles with shRNA ␣kap or scrambled shRNA. The sternomastoid muscle of an adult mouse (WT) was electroporated with GFP-shRNA ␣kap or with a scrambled version of shRNA ␣kap. At 4 or 7 d after electroporation, AChRs were labeled with a saturating dose of BTX-Alexa Fluor 594, and superficial synapses on electroporated (green) and nonelectroporated muscle fibers from the same sternomastoid muscle were imaged. Fluorescence intensity of labeled AChRs was measured and normalized to nonelectroporated synapses. D, Graph summarizing the mean Ϯ SD percentage of fluorescence intensity. Note that the density of AChRs was dramatically reduced in shRNA-treated muscles. ***p Ͻ 0.001.
later, the same synapses were imaged, and the recovery of fluorescence at the bleached portion of each junction was measured and normalized to the amount of rapsyn-GFP expression at unbleached regions of the same junction as described by Bruneau et al. (2010) and Bruneau and Akaaboune (2010) . Quantification of fluorescence recovery from synapses expressing rapsyn-GFP was 50 Ϯ 8% (NMJs ϭ 7, from 3 mice) of fluorescence at bleached regions of synapses (which corresponds to a t 1/2 of ϳ24 h) and 26 Ϯ 8% (NMJs ϭ 9, from 3 mice) of fluorescence at the bleached synapses expressing both rapsyn and shRNA ␣kap (t 1/2 , ϳ10 h). This result suggests that the insertion of rapsyn was impaired by shRNA ␣kap.
The knockdown of endogenous ␣kap impairs the structure of the neuromuscular junction
To examine whether shRNA ␣kap expression has any effect on synaptic structure, the sternomastoid muscle electroporated with GFP-shRNA ␣kap or scrambled GFP-shRNA ␣kap (7 d after Figure 2 . shRNA ␣kap impaired the insertion rate of newly synthesized AChRs. A, Labeling protocol for assessing the amount of receptor insertion. Four days after electroporation of sternomastoid muscles with shRNA-␣kap or scrambled shRNA ␣kap, AChRs were saturated with BTX-Alexa Fluor 594, and NMJs were imaged. Six days after the initial imaging, the same NMJs were reimaged to measure the loss of fluorescence and then relabeled with a saturating dose of BTX-Alexa Fluor 594 to measure the number of new receptors that had been inserted after the initial labeling. B, Example of three views of the same image from nonelectroporated muscle. All three panels of images are displayed on the same intensity scale. D, Example of three views of the same NMJ in mice electroporated with scrambled shRNA. F, Example of three views of NMJs treated with GFP-shRNA ␣kap. C, E, G, Bar graphs summarizing the mean Ϯ SE percentage of fluorescence intensity. Note that very little fluorescence was gained after BTX-Alexa Fluor 594 was added (26% of the original fluorescence), indicating that the insertion of AChR was significantly depressed in muscles electroporated with shRNA.
electroporation) was labeled with BTX-Alexa Fluor 594, fixed, and then scanned with confocal microscopy. High-resolution images revealed that virtually all neuromuscular synapses on fibers expressing GFP in shRNA ␣kap-treated fibers exhibited areas devoid of receptors (holes), giving the receptor cluster a perforated appearance compared with scrambled shRNA and nonelectroporated synapses (Fig. 5A-G) . Quantification of holes (size, Ն5 m) showed that 113 of 150 NMJs had Ͼ4 perforations (between 4 and 11 holes). In contrast, nonelectroporated synapses (80 of 90 NMJs) or synapses treated with scrambled shRNA (56 of 60 NMJs) had more than one hole (11%), while a vast majority of synapses had no holes (89%; Fig. 5G,H ) . Next, we examined whether AChR holes developed from focal receptor loss from the synaptic cluster. Electroporated muscles treated with shRNA ␣kap were doubly labeled with ␣-BTX-Alexa Fluor 594 (red) to label AChRs and VVA B4 lectin (green), a marker that labels N-acetyl-D-galactosamine ␤-terminal saccharide moieties present specifically at the neuromuscular junction (including the asymmetric form of acetylcholinesterase (AChE; Scott et al., 1988) , which shows the original location of the synapses. More than 50% of holes from which AChR fluorescence was missing exhibited VVA B4 lectin staining (Fig.  5I-L) . We also found that ϳ50% of synapses exhibit holes that are missing both receptors and VVA B4 staining, suggesting that both receptors and AChEs or other glycoproteins at the synaptic cleft are removed.
Previous studies (Adams et al., 2000; Grady et al., 2000; Sanes and Lichtman, 2001; Wu et al., 2010; Pires-Oliveira et al., 2013) have shown that the tethering of AChRs to the postsynaptic membrane is controlled by scaffold proteins. We asked whether the knockdown of ␣kap is also involved in the loss of AChRassociated proteins from sites where AChRs had disappeared.
Muscles electroporated with shRNA ␣kap and rapsyn-GFP, ␣-syntrophin-GFP, or ␣-dystrobrevin-GFP (7 d after electroporation) were labeled with BTX-Alexa Fluor 594, and NMJs were scanned with the confocal microscope. Analyses of highresolution images of synapses electroporated with shRNA ␣kap and rapsyn showed that in the endplates that had lost synaptic sites (NMJ ϭ 18, from 5 mice), both receptor and rapsyn are no longer visible (Fig. 6A-C) . This indicates that rapsyn and AChRs are lost from synaptic sites simultaneously at the same rate. In synapses electroporated with ␣-syntrophin (NMJ ϭ 16, from 4 mice) or ␣-dystrobrevin (NMJ ϭ 16, from 3 mice), ϳ70% of lost receptor clusters showed the presence of these proteins, indicating that ␣-syntrophin/␣-dystrobrevin and AChRs disappear sequentially from the synapse (Fig. 6D-I ) . Altogether, these results suggest that the knockdown of ␣kap affects not only receptor stability but also induces the disassembly of their anchoring postsynaptic proteins from the entire synaptic site (see Discussion).
Previous studies showed that the CaMKII␤m isoform is highly expressed at the NMJ and plays an important role in the recycling of AChR into synaptic sites (Martinez-Pena y Valenzuela et al., 2010) . It was also reported that ␣kap plays a role in targeting multiple calcium/calmodulin kinase II isoforms to their specific subcellular locations, where they can act (Nori et al., 2003) . Here we sought to determine whether ␣kap is accumulated at the NMJ and whether the localization of CaMKII␤m is affected by ␣kap depletion from muscle cells. Sternomastoid muscles were electroporated with GFP-␣kap, GFP-CaMKII␤M, or both GFP-CaMKII␤M and shRNA ␣kap, and 7 d later muscles were fixed and imaged with the confocal microscope. In muscles electroporated with GFP-␣kap, we found no accumulation of ␣kap at the NMJ (data not shown), and, as expected, GFP- Figure 3 . shRNA ␣kap decreased the contribution of recycled AChRs to the synapse. A, Scheme of the protocol used to label recycled AChRs. Seven days after electroporation, muscles were labeled with a saturating dose of BTX-biotin followed by streptavidin Alexa Fluor 594, and NMJs were imaged. Three days later, the same synapses were imaged for the second time, and then receptors were labeled with Streptavidin Alexa Fluor 594 and reimaged again. B, Examples of three views of a nonelectroporated synapse and an shRNA ␣kap electroporated synapse following the recycling labeling protocol described in A. C, Graph summarizing the contribution of receptor recycling to the density of an AChR. Note that the recycling of AChRs was significantly decreased in muscles treated with shRNA ␣kap.
CaMKII␤M is strongly expressed at the NMJ (data not shown). However, the localization of GFP-CaMKII␤M at NMJs is not affected by shRNA ␣kap, indicating that ␣kap is not necessary for the targeting and localization of GFP-CaMKII␤M at the NMJ (Fig. 6K ) . Like other associated scaffold proteins, in electroporated muscle cells (NMJ ϭ 12, from 3 mice) ϳ80% of lost receptor clusters showed the presence of GFP-CaMKII␤M (Fig. 6J-L) . This indicates that CaMKII␤M also disappears at a slower rate than AChRs.
Finally, we examined whether the disassembly of the postsynaptic apparatus observed in muscles treated with shRNA ␣kap is also accompanied by the retraction of the overlying nerve terminal. Seven days after electroporation, muscles were immunostained with antibodies against neurofilaments, and SV2 and synapses were imaged with the confocal microscope. As shown in Figure 6M -O, we found that synaptic clusters that had lost AChRs were still covered by presynaptic terminal branches (NMJs ϭ 19, from 5 mice). However, 3 weeks after the electroporation of muscles with shRNA ␣kap, the withdrawal of the nerve terminal was seen from faintly stained and disorganized receptor regions (NMJ ϭ 18, from 3 mice; Fig. 6P-R) . Altogether, these results indicate that the withdrawal of the presynaptic nerve terminal in treated muscles with shRNA ␣kap is a slow process and is initiated by a decrease or loss of the density of postsynaptic AChRs.
Discussion
This work demonstrates that the knockdown of the endogenous expression of ␣kap in muscle cells of living mice destabilizes the molecular dynamics of AChRs and the structural integrity of the neuromuscular synapses. These conclusions are supported by the following findings: (1) ␣kap and AChRs are present in the same complex; (2) knockdown of ␣kap induces a significant reduction in the overall postsynaptic density of AChR; (3) knockdown of ␣kap accelerates AChR turnover and depresses the insertion rates of newly synthesized and recycled AChRs into synaptic sites; (4) some receptor clusters disappear from the postsynaptic site in muscle treated with shRNA ␣kap, but not with its scrambled version; (5) there is complete dissipation of the associated scaffold protein rapsyn from areas devoid of AChRs; (6) there is reduction or complete disassembly of several markers of the postsynaptic apparatus; and (7) the overlying nerve terminal withdraws from eliminated synaptic sites. Consistent with these results, in cultured myotubes ␣kap was found to interact with AChRs, and when cells were treated with shRNA, few receptors were expressed and clustered on the surface of muscle cells while the amount of AChR␣ mRNA remained unaffected (Mouslim et al., 2012) . The current results show that in muscles treated with ␣kap shRNA, both the rate of insertion of newly synthesized and of the reinsertion of recycled receptors, and the rate of removal of AChRs were altered. This suggests that ␣kap acts simultaneously on the following three different pathways of receptor trafficking: the insertion of newly synthesized AChRs from the endoplasmic reticulum (ER) to the cell surface; the recycling of internalized AChRs into postsynaptic membrane; and the removal/internalization of receptors from the postsynaptic membrane. Previous studies from our laboratory and others have shown that ␣kap localizes to the ER in skeletal and cardiac muscles (Nori et al., 2003; Singh et al., 2009) and in heterologous HEK cells (Mouslim et al., 2012) , and is also found to be diffused throughout the muscle fibers, without being concentrated with receptors at the synapse. Thus, it is possible that lack of ␣kap may promote the degradation of synthesized AChRs during their sojourn in the secretory pathway, leading to fewer receptors at synaptic sites. Consistent with this idea, we previously showed that in myotubes transfected with shRNA ␣kap and treated with proteasome inhibitors the degradation of receptors was largely prevented. Similarly, in HEK cells overexpressed with AChR␣ and treated with either ␣kap or proteasome inhibitors, the stability of the AChR␣ subunit was significantly increased compared with the stability of AChR␣ without ␣kap or proteasome inhibitors (Mouslim et al., 2012) . Also when the same cells were overexpressed with a construct containing mutations of AChR␣ lysine residues that are required for ubiquitination, the degradation of AChR␣ was largely prevented (Mouslim et al., 2012) .
Recent studies have shown that ␣kap also controls the stability of Lrp4, a transmembrane protein that transmits a signal required for the clustering of AChRs, in heterologous HEK cells. Similar to AChR, it is possible that ␣kap may also protect Lrp4 from degradation by the proteasome. Thus, it is conceivable that the stabilization of Lrp4 in the postsynaptic membrane by ␣kap is critical for the binding of agrin and the activation of the intracellular pathway downstream of MuSK, which ultimately lead to the clustering of receptors (Wu et al., 2010) . The fact that the vast majority of ␣kap is diffusely distributed throughout the cytoplasm and is associated with sarcomeres of skeletal muscles ( Bayer et al., 1996 Bayer et al., , 1998 might also suggest that ␣kap acts as a chaperone molecule that controls the ubiquitination of AChRs in the postsynaptic membrane and/or scaffold-associated proteins that are involved in the tethering of AChRs. Similar to this, it has been shown that an HSP90␤, a cytoplasmic molecular chaperon , controls the stability and the turnover of rapsyn in a proteasome-dependent mechanism, and consequently the clustering of AChR. Along these lines, several studies (Ehlers, 2003; Speese et al., 2003; Mabb and Ehlers, 2010) have shown that the ubiquitin-proteasome system is involved in regulating synaptic protein turnover and synaptic efficacy at a variety of synapses.
The present experiments show that the knockdown of ␣kap expression had a profound effect on the structural integrity of the NMJ. Several postsynaptic proteins were removed either simultaneously or sequentially with receptors at clusters devoid of AChRs in muscles treated with shRNA ␣kap. Thus, it is possible that the depletion of ␣kap may enhance directly or indirectly the degradation of these proteins during their intracellular trafficking to postsynaptic sites or their removal from synaptic membranes. However, our previous studies showed that in cultured myotubes treated with shRNA directed against ␣kap, no changes in rapsyn protein level were observed compared with the dramatic decrease in AChR␣ level. Similarly, ␣kap did not show any effect on the stability of ␣-syntrophin and ␣-dystrobrevin when they were coexpressed with ␣kap in HEK cells. Of note, in our previous study (Mouslim et al., 2012) we did not examine the disassembly of these postsynaptic proteins from receptor clusters in ␣kap-depleted myotubes. It is possible that the local disassembly of the postsynaptic apparatus scaffold proteins from synaptic clusters in vivo, where receptors are missing, is not a direct consequence of ␣kap knockdown. Rather, it may be triggered by the dissipation of postsynaptic AChRs, as they are tightly controlled by ␣kap in both cultured myotubes and heterologous HEK cells (Mouslim et al., 2012) .
The current work raises the question how the knockdown of ␣kap could induce the focal disappearance of AChRs and the postsynaptic apparatus from the synaptic membrane. The uneven distribution of AChRs over the entire synapse and defects in receptor trafficking (rapid turnover rate of receptors from the postsynaptic membrane, and low insertion rates of newly synthesized and recycled AChR) induced by ␣kap depletion all would contribute to lowering AChR density below critical levels that are essential for their local maintenance and consequently a complete dissipation of receptor clusters. AChRs have been shown to be essential for the local maintenance and accumulation of intracellular scaffolding proteins (Missias et al., 1997; Marangi et al., 2001; Ono et al., 2001 Ono et al., , 2004 Mouslim et al., 2012) . For instance, the dissipation of AChRs from clusters in cultured myotubes (induced by focal laser illumination) triggered the disappearance of associated scaffold proteins, including rapsyn (Bruneau et al., 2008) , and in zebrafish deficient in AChRs, rapsyn failed to form clusters (Ono et al., 2001 (Ono et al., , 2004 ). Thus, it is possible that the disappearance of postsynaptic scaffold proteins such as rapsyn, ␣-syntrophin, ␣-dystrobrevin, CaMKII␤M, and others is initiated by receptor removal.
Overall, the results presented here provide new insights about the role of a muscle-specific nonkinase anchoring protein (␣kap) in regulating the trafficking of AChRs, the stability of AChR density, and the maintenance of the structural integrity of the synapse, which are required for the effectiveness of synaptic impulses between nerve and muscle cells. 
